e Insults to cellular health cause p53 protein accumulation, and loss of p53 function leads to tumorigenesis. Thus, p53 has to be tightly controlled. Here we report that the BTB/POZ domain transcription factor PATZ1 (MAZR), previously known for its transcriptional suppressor functions in T lymphocytes, is a crucial regulator of p53. The novel role of PATZ1 as an inhibitor of the p53 protein marks its gene as a proto-oncogene. PATZ1-deficient cells have reduced proliferative capacity, which we assessed by transcriptome sequencing (RNA-Seq) and real-time cell growth rate analysis. PATZ1 modifies the expression of p53 target genes associated with cell proliferation gene ontology terms. Moreover, PATZ1 regulates several genes involved in cellular adhesion and morphogenesis. Significantly, treatment with the DNA damage-inducing drug doxorubicin results in the loss of the PATZ1 transcription factor as p53 accumulates. We find that PATZ1 binds to p53 and inhibits p53-dependent transcription activation. We examine the mechanism of this functional inhibitory interaction and demonstrate that PATZ1 excludes p53 from DNA binding. This study documents PATZ1 as a novel player in the p53 pathway.
W
ild-type (WT) p53 is a stress-responsive, sequence-specific transcription factor that inhibits the cell cycle, promotes senescence, and, if the insult to cellular health is not resolved, induces apoptotic death (1) . p53 mutations that allow cells to escape this death are the most common genetic event in human cancer (2) . Alternative mechanisms of escape rely on the overexpression of MDM2 and MDMX, major negative regulators of p53 that keep p53 levels low under unstressed conditions through ubiquitination-mediated degradation (3) . Moreover, many DNA tumor viruses encode proteins that can inactivate p53 (2) . However, the list of p53 regulators is far from complete. Various stress conditions result in the upregulation of p53, controlled by feedback loops, posttranslational modifications, and epigenetic changes. In the present study, we aimed to find new players that modify p53 function.
p53 is composed of an N-terminal transactivation domain (through which it interacts with MDM2), a proline-rich domain, central DNA binding and tetramerization domains, and a C-terminal regulatory domain. p53 binds response elements (REs) in nuclear DNA, which results in stress-induced changes (either upor downregulation) in gene expression. Tetrameric p53 binds REs that are composed of two half-sites, each with a consensus of RR RCWWGYYY, separated by 0 to 21 bases (where R is a purine, Y is a pyrimidine, and W is either an A or T) (4) . p53 REs can be subcategorized as those that respond to low levels of wild-type p53, those that respond to stabilized p53 after stress, and those that respond to p53 with mutations in its DNA binding domain. A recent study found 160 p53 REs controlling 129 genes in the human genome (5) . Another study using chromatin immunoprecipitation (ChIP) with paired-end ditag (PET) sequencing identified 542 functional p53 binding sites in the human genome (6) . Similarly, a study using ChIP followed by RNA sequencing (ChIPSeq) found that 3,697 target genes were bound and differentially regulated by p53 in doxorubicin (DOX) (Adriamycin)-treated mouse embryonic stem cells (7) . Yet another ChIP-Seq study revealed that of the 3,193 genes with nearby p53 REs, 432 were regulated by DOX in mouse embryonic fibroblasts (MEFs) (8) .
In the present study, we have identified the role of a BTB-ZF (broad-complex, tramtrack, and bric-à-brac zinc finger) transcription factor, PATZ1 (POZ-AT hook-zinc finger) that inhibits the ability of p53 to bind to its REs. PATZ1 has an N-terminal BTB domain for protein interaction, a central DNA binding AT hook domain, and a second, C-terminal, zinc finger (ZF) DNA binding domain (9) (10) (11) . A recent ChIP-Seq study identified that the PATZ1 binding consensus can be either AT rich or GC rich (12) . The specificity for two different consensus sequences is likely due to two different (AT hook and ZF) DNA binding domains.
Members of the BTB-ZF transcription factor family control diverse yet potentially related processes in cancer, development, and stem cell biology. PATZ1 can interact with other BTB-ZF transcription factors such as BCL-6 and Bach to control important cell fate decisions (13, 14) . While PATZ1 was originally identified as a lymphocyte specific c-Myc-regulating transcription factor, its expression and function are not restricted only to T lymphocytes (15) (16) (17) (18) (19) . Early embryonic expression is likely functional, as Patz1 Ϫ/Ϫ mice are born at a non-Mendelian frequency and are small in size (16, 17) . PATZ1 is expressed in human colon and testicular cancer cell lines and is deleted or translocated to the Ewing sarcoma gene (EWS) in small-cell sarcoma (9, 17, 20) . The PATZ1 protein was recently shown to be an inhibitor of p53-dependent endothelial cell senescence and was also shown to interact with p53 (17, 21) .
We undertook the present study to identify factors that control p53 function. We used state-of-the-art techniques such as transcriptome sequencing (RNA-Seq) and real-time cell growth experiments to show that PATZ1 promotes cellular proliferation. We discovered that PATZ1 is regulated by DNA damage and can bind to and inhibit the transcriptional activity of p53. We characterized the interaction of p53 with PATZ1 and its alternatively spliced variants. We found that at least one of the four known Patz1 gene products binds to p53 and interferes with p53 function by preventing p53 DNA binding. Even though previous studies on PATZ1 focused on its role in T lymphocytes, we discovered the global and unbiased effects of its absence on cell proliferation, adhesion, and morphology. Collectively, our findings indicate that PATZ1 is a novel regulator of p53-dependent transcription.
MATERIALS AND METHODS

Generation of MEFs. WT and Patz1
Ϫ/Ϫ MEFs were isolated from 13.5-day-old embryos and analyzed at early (Ͻ5) passages. All mice were bred and maintained in the animal facility of the Medical University of Vienna, and animal experiments were done according to protocols approved by the Austrian Federal Ministry for Education, Science, and Art.
Cell lines, transfections, gene transfer, and treatment. HCT116, HCT116 p53 Ϫ/Ϫ , HEK293T, HeLa, NIH 3T3, AKR1, EL4, 3B4.14 T-hybridoma, RLM11 (a radiation-induced BALB/c thymoma cell line) (22) , and VL3.3M2 DP thymocyte (a gift from C. Guidos) (23) cell lines were cultured in Dulbecco's modified Eagle's medium (DMEM) or RPMI 1640 supplemented with 10% fetal bovine serum and 50 g/ml each of penicillin and streptomycin. HCT116 and HCT116 p53 Ϫ/Ϫ cells were transfected by using polyethylenimine (PEI) (catalog number 23966; Polysciences Inc.) with a 3:1 (wt/wt) ratio of PEI to total DNA. The appropriate amounts of plasmid DNA were diluted in serum-free DMEM followed by PEI and vortexed immediately. The mix was incubated for 15 min at room temperature and added dropwise onto cells that were split 1 day before transfection. Lysis for Western blotting or luciferase assays was performed 48 h after transfection.
Human HCT116 cells were made susceptible to retroviral infection by transient transfection with a cDNA encoding the mouse cationic amino acid transporter (mCAT) (Addgene plasmid 10687). Retroviruses were produced by transfection of a Patz1 cDNA in the pBabe-Puro (Addgene plasmid 1764) backbone with a plasmid encoding ecotropic retrovirus envelope proteins (pCL-Eco; Addgene plasmid 12371) in the HEK293T-Phoenix-Eco retroviral packaging cell line (24, 25) . Viral supernatants were mixed with Polybrene (hexadimethrine bromide; 8 g/ml) (catalog number H9268; Sigma-Aldrich), incubated with target cells for 3 h at 37°C, washed, and selected for 2 weeks in puromycin (1 g/ml) (catalog number P9620; Sigma-Aldrich). Single colonies were identified, and PATZ1 overexpression was assessed by Western blotting. In all experiments, the DNA damage-inducing cytostatic drug doxorubicin (catalog number D1515; Sigma-Aldrich) was applied for the indicated times at a final concentration of 1 M. Interacting proteins were treated in vitro with ethidium bromide (50 g/ml) (catalog number E1510; Sigma-Aldrich) during immunoprecipitation.
Generation of shRNA-expressing cell lines. A Patz1 short hairpin RNA (shRNA)-expressing pSM2 plasmid (RMM1766-96886118; GE Healthcare-Open Biosystems) was modified and transferred into the pLMP retroviral expression plasmid (EAV4679; GE Healthcare-Open Biosystems), using EcoRI and XhoI restriction sites. Retrovirus production, infection, and selection were performed as stated above. Silencing of PATZ1 expression in NIH 3T3 cells was confirmed by Western blotting.
Luciferase assays. HCT116 p53 Ϫ/Ϫ , HEK293T, and HeLa cells were cotransfected with plasmids expressing p53, PATZ1, or PATZ1Alt with firefly luciferase reporter constructs that contained either the pG13 promoter (Addgene plasmid 16442), the mG15 promoter (Addgene plasmid 16443), the p21 gene promoter (Addgene plasmid 16451) (26) , or the Puma gene promoter (Addgene plasmid 16591) (27) , together with the renilla luciferase-encoding pRL-SV40 plasmid (Promega). Cells were harvested 48 h after transfection and analyzed with the Dual Luciferase reporter kit (catalog number E1960; Promega). Promoter activity was analyzed by normalizing firefly luciferase activity to renilla luciferase activity and adjusted to the fold increase over background.
Expression plasmids and oligonucleotides. The cytomegalovirus (CMV) promoter-driven FLAG-p53 expression plasmid was a kind gift from P. Ballar, Ege University, Izmir, Turkey. We sequenced this plasmid to ensure that the p53 cDNA that it carries is a WT allele. Patz1, Patz1Alt, and different Patz1 truncations were cloned into pCMV-HA or pCMVMyc (Clontech), using the EcoRI restriction enzyme site. Patz1 and Patz1Alt cDNAs were also cloned into the pBABE-puro plasmid by using the EcoRI restriction enzyme site. p53␣ and p53␤ expression plasmids were a kind gift from J. C. Bourdon, University of Dundee. The sequences of oligonucleotides used in this study for amplification are available upon request.
Real-time cell growth and doubling time analysis. Cell proliferation was measured continuously with an xCELLigence real-time cell analyzer dual plate (RTCA DP) system (ACEA Biosciences, San Diego, CA), by seeding 5,000 cells into each well of an E-Plate View 16 tissue culture plate in 200 l in 5% CO 2 at 37°C. Cell index (CI) measurements were taken every 15 min for up to 120 h. Doubling time analysis was restricted to the exponential growth phase.
Bacterial expression, in vitro binding, and EMSA. The PATZ1 cDNA was cloned into the bacterial expression plasmid pET28GST-LIC (Addgene plasmid 26101) by using isothermal assembly (28) . Murine PATZ1 and human p53 (Addgene plasmid 24859) were expressed in the Escherichia coli host strain Rosetta2 DE3(pLys-S) (29) . Protein expression was induced by the addition of 1 mM isopropyl-␤-D-thiogalactopyranoside (IPTG) for 2 to 3 h. E. coli extracts were prepared by incubation in lysis buffer (25 mM Tris [pH 8.00], 500 mM NaCl, 1% Triton X-100, 10% glycerol), followed by centrifugation at 14 krpm. Glutathione S-transferase (GST) epitope-tagged PATZ1 was immobilized on glutathioneSepharose beads (catalog number 17-5132-02; GE Healthcare), with or without p53, in immunoprecipitation (IP) buffer (25 mM Tris [pH 8 .00], 100 mM KCl, 0.1% Triton X-100, 10% glycerol) overnight at 4°C and washed 8 times in ice-cold wash buffer (25 mM Tris [pH 8 .00], 100 mM KCl, 2% Triton X-100). Protein contents of the bead conjugates were eluted in 1ϫ Laemmli buffer. An electrophoretic mobility shift assay (EMSA) was performed with biotinylated p53 DNA probes (20 fmol) incubated with bacterial extracts containing p53 and/or PATZ1 (0.01 to 0.02 optical density at 550 nm [OD 550 ] unit equivalents) in EMSA binding buffer with 1 ng poly(dA-dT) (catalog number P0883; Sigma) for 1 h at 22°C and for 30 min at 4°C. Shifted bands were visualized by using streptavidin-coupled horseradish peroxidase (HRP), according to the manufacturer's instructions (Lightshift chemiluminescent EMSA kit, catalog number 20148; Thermo Scientific). The specificity of p53-dependent bands was demonstrated by competition with 40 or 80 pmol of unbiotinylated p53 probe or mutant p53 probe.
Cell lysis, immunoprecipitation, and DNA pulldown. Cells were lysed in hypotonic buffer (10 For DNA pulldown, streptavidin-coupled Dynabeads (catalog number 11206D; Life Technologies, CA) were conjugated with biotinylated double-stranded p53 probes in 1ϫ bead-DNA binding buffer (5 mM HEPES-KOH [pH 7.9], 1 M NaCl, and 0.5 mM EDTA) at room temperature for 15 min and incubated with nuclear lysates from 3 ϫ 10 6 cells in 1ϫ binding buffer [10 mM HEPES-KOH (pH 7.9), 50 mM NaCl, 0.5 mM EDTA, 1 mM MgCl 2 , 20% glycerol, 0.01 g/l poly(dI/dC), 0.1 g/l bovine serum albumin (BSA), and 0.05% NP-40] at room temperature for 30 min. Protein contents of the bead conjugates were eluted in 1ϫ Laemmli buffer. Precipitated proteins were resolved on 10% SDS-PAGE gels and transferred onto polyvinylidene difluoride (PVDF) membranes (catalog number 88518; Thermo Fisher). Blots were incubated with peroxidase-coupled anti-HA, anti-FLAG, or anti-Myc antibodies; anti-PATZ1 antibody followed by protein A-peroxidase; or anti-p53 antibody followed by anti-mouse IgG-peroxidase. Reactivity was revealed by homemade enhanced chemiluminescence solutions made from Luminol (catalog number A4685; Sigma-Aldrich) and p-coumaric acid (catalog number C9008; Sigma-Aldrich) and visualized on SuperRX Fuji film. The intensities of bands in the Western blots were quantified with the ImageJ program (30) .
Quantitative (real-time) reverse transcription-PCR (RT-PCR).
Total mRNA was reverse transcribed by using a RevertAid first-strand cDNA synthesis kit with oligo(dT) primers (Fermentas). cDNA was amplified for 45 cycles (10 s at 95°C, 10 s at 52°C, and 10 s at 72°C) by using LightCycler 480 SYBR green I master mix (catalog number 04887352001; Roche) in a LightCycler 480 II instrument. Relative expression levels were calculated by using the 2 Ϫ⌬⌬CP method and normalized to the glyceraldehyde 3-phosphate dehydrogenase gene (Gapdh) expression level.
Site-directed mutagenesis. Patz1 site-directed mutagenesis was performed by using a Phusion site-directed mutagenesis kit (catalog number F-541; Thermo Scientific), according to the manufacturer's instructions, using oligonucleotides abutting the target region. Briefly, a Patz1 cDNAcontaining plasmid was amplified, phosphorylated with polynucleotide kinase (catalog number M0201; NEB), ligated back onto itself, and transformed into bacteria. The R521Y/R527Y double mutant was generated by mutating the R521Y mutant by using R527 targeting oligonucleotides. The identities of the mutations were confirmed by bidirectional sequencing using primers EBV-rev and CMV-fwd.
Antibodies and reagents. The following antibodies were used in this study: anti-p53 clone 1C12 (catalog number 2524; Cell Signaling Technology), anti-PATZ1 H-300 (catalog number sc-292109; Santa Cruz Biotech), high-affinity anti-HA-peroxidase (catalog number 12013819001; Roche), monoclonal anti-FLAG M2 produced in mouse (catalog number F3165; Sigma), anti-c-Myc-peroxidase (catalog number 11814150001; Roche), anti-actin clone c4 (catalog number MAB1501; Merck-Millipore), anti-mouse IgG-peroxidase (catalog number A9044; Sigma), monoclonal anti-HA-agarose (catalog number A2095; Sigma), anti-FLAG M2 affinity gel (catalog number A2220; Sigma), Dynabeads protein A for immunoprecipitation (catalog number 1002D; Life Technologies), protein G-Sepharose beads (catalog number P3296; Sigma), and protein Aperoxidase (catalog number P8651; Sigma).
RNA-Seq analysis. Total mRNAs from early-passage Patz1 WT or Patz1 Ϫ/Ϫ MEFs were extracted by using TRIzol (catalog number 15596018; LifeTech) and poly(A) selected, and triplicate samples were sequenced at the Beijing Genomics Institute on an Illumina HiSeq 2000 sequencing machine. Raw fastq files were uploaded to GenePattern (version 3.8.1), and reads were mapped to the 2012 release of the Mus musculus genome (GRCm38.p2) by using the Bowtie aligner (Bowtie2 version 2.1.0) (31) (32) (33) . The RNASeQC module (version 2) was used to perform quality control and to calculate metrics on aligned RNA-Seq data, including the calculated reads per kilobase of transcript per million mapped reads (RPKM) values for each transcript. Read counts were analyzed by using the R environment (R 3.0.2) and the DESeq package (version 1.18.0) according to suggestions reported previously (34) . The DESeq algorithm estimates library size and variance and detects differentially expressed genes (DEGs) on the negative binomial distribution of the compared samples. DEGs with a fold change of Ͼ2 and a false discovery rate (FDR) value of Ͻ 0.01 were used for further analysis. To identify biological processes regulated by PATZ1, DAVID analysis was performed for gene ontology (GO) terms. P values were calculated with DAVID, and GO terms with P values of Ͻ0.01 were selected as being significant.
RNA-Seq data accession number. All RNA-Seq data are available in the GEO database (http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc ϭGSE65864) under accession number GSE65864.
RESULTS
Global effects of the absence of PATZ1 expression.
To understand the function of PATZ1, we studied MEFs generated from Patz1 gene-targeted C57BL/6 mice (16). We analyzed global gene expression in the presence or absence of Patz1 gene products by RNA-Seq. We generated MEFs from Patz1 wild-type (WT) or targeted (knockout [KO]) embryos at day 13.5 and isolated poly(A)-tailed RNA. These RNAs were sequenced by using the Illumina HiSeq 2000 platform and analyzed by using the R library DESeq. We identified 187 differentially expressed genes (DEGs), of which 97 were upregulated and 90 were downregulated in the absence of Patz1 expression (data not shown). To identify biological processes dependent on Patz1 expression, we performed DAVID analysis for gene ontology (GO) terms. We found unique biological processes that were associated with neuron differentiation; development; and, consistent with the previously identified functions of PATZ1, cell adhesion, morphogenesis, and proliferation (Fig. 1A) . Notably, several genes known to be involved in cellular proliferation and also to be downstream of the p53 pathway were differentially regulated in the absence of PATZ1.
PATZ1 shortens cellular doubling time. Because genes related to cell proliferation were enriched among the differentially expressed genes in Patz1-deficient MEFs, we examined the growth rate of these cells. Patz1 Ϫ/Ϫ MEFs proliferated significantly more slowly than did WT MEFs (Fig. 1B) . Changes in the proliferation rate were evident by the calculated doubling time, which significantly increased for Patz1 Ϫ/Ϫ MEFs (data not shown). This finding was consistent with the increased doubling times observed previously for MEFs generated from independent Patz1 Ϫ/Ϫ mice (35) . Conversely, PATZ1-overexpressing HCT116 human colon cancer cell lines proliferated faster and had decreased doubling times (Fig. 1C and data not shown) . Furthermore, NIH 3T3 cells stably overexpressing Patz1 cDNA displayed decreased doubling times, while cells expressing shRNA targeting all four products of the Patz1 gene had longer doubling times (data not shown).
It is well known that the tumor suppressor p53 controls cellular proliferation. In our RNA-Seq analysis, among the genes enriched in GO terms related to cell proliferation, 8 genes were significantly affected by the absence of PATZ1. Among these genes are wellknown p53 targets such as Sfn (14-3-3) and Itgam (6, 36) (Fig.  1A) . Additionally, of the total 187 DEGs that we identified by comparing Patz1 WT and KO MEFs, 24 genes were previously found to be basal p53 target genes (8) . Moreover, 13 of these 187 PATZ1 DEGs were identified to be doxorubicin-regulated p53 targets (data not shown). Therefore, we examined the p53 dependence of the role of PATZ1 in cellular proliferation. To this end, we analyzed the growth of p53 Ϫ/Ϫ HCT116 cells overexpressing PATZ1. We found that PATZ1 was unable to enhance cellular proliferation in p53-deficient HCT116 cells (Fig. 1D) . Thus, in various cellular systems, PATZ1 activates cellular proliferation in a p53-dependent manner.
PATZ1 is downregulated upon DNA damage. The mouse and human Patz1 genes express 4 major alternatively spliced transcripts: mPATZ1-004, -001, -012, and -003 (corresponding to hPATZ1-001, -004, -002, and -003, respectively), which encode 74-, 69-, 58-, and 57-kDa proteins, respectively. We analyzed the expression of these isoforms by exon-specific amplification and found that all four isoforms were expressed in various mouse and human cell lines (data not shown). In this study, we annotated the most commonly investigated 69-kDa mPATZ1-001 (hPATZ1-004) and 58-kDa mPATZ1-012 (hPATZ1-002) isoforms PATZ1 and PATZ1Alt, respectively, for simplicity.
To further investigate the role of PATZ1 in p53-dependent gene expression, we treated MEFs with the DNA damage-inducing cytostatic drug DOX and studied the well-established p53 response. As expected, p53 levels of untreated MEFs were low and rapidly induced upon treatment with DOX ( Fig. 2A, bottom) . In stark contrast, PATZ1 proteins were significantly lost after 16 h of treatment and did not recover upon further treatment ( Fig. 2A,  top) . We further treated HCT116 cells with DOX and found that PATZ1 was again lost after 24 h of treatment (Fig. 2B, top) . Because PATZ1 loss correlated with p53 induction after DOX treatment, we questioned whether p53 was necessary for this phenomenon (Fig. 2B, middle) . We treated HCT116 p53 Ϫ/Ϫ cells with DOX and found that PATZ1 loss was still evident even in the absence of p53 (Fig. 2B, top) . To determine if PATZ1 loss was mediated by alterations in the steady-state levels of Patz1 mRNA, we measured mRNA levels by quantitative real-time PCR but could not detect significant changes in the time range where PATZ1 protein levels dramatically decrease (Fig. 2C) . Thus, DOX treatment results in the loss of PATZ1, while p53 levels dramatically increase.
To reveal the significance of PATZ1 loss for p53 activity, we examined the expression of the endogenous p21 and PUMA genes, which are known to be induced by DNA damage in a p53-dependent way. As expected, p21 and PUMA gene expression levels increased upon DOX treatment in HCT116 cells. Significantly, PATZ1 overexpression blunted this p53-dependent increase, especially at later time points where endogenous PATZ1 was lost (Fig. 2D) . We conclude that PATZ1 can inhibit p53-dependent transcription activation. PATZ1 interacts with p53. To identify the mechanism of the role of PATZ1 in p53 inhibition, we assessed the direct association of these two transcription factors. We expressed epitope-tagged versions of these proteins in E. coli and demonstrated that PATZ1 and p53 interact in vitro in GST pulldown experiments (Fig. 3A) . We examined the subcellular localization of the long (74-and 69-kDa) and short (58-and 57-kDa) PATZ1 isoforms and found that unlike p53, which shuttles between the cytoplasm and the nucleus, PATZ1 isoforms remain predominantly nuclear. Nuclear localization was independent of both DOX treatment and the presence of p53 (data not shown). To assess whether endogenous PATZ1 and p53 physically interact, we examined the association between these two proteins in HCT116 cells with or without p53 expression, in the presence or absence of DOX treatment. As expected, DOX dramatically increased the levels of cellular p53 (Fig.  3B, middle) . Anti-p53 immunoprecipitates immunoblotted with an antibody against the N-terminal BTB domain revealed that the long and short PATZ1 isoforms interact with p53. Importantly, upon short-term DOX treatment (8 h), before PATZ1 degradation was evident (Fig. 3B, bottom) , the amount of PATZ1 bound to p53 did not change (Fig. 3B, top) .
PATZ1 can bind to p53 as a heterodimer. To study this interaction in more detail, we overexpressed HA epitope-tagged PATZ1 or PATZ1Alt along with FLAG epitope-tagged p53 in HCT116 p53
Ϫ/Ϫ cells. We found that only PATZ1 and not the PATZ1Alt variant could bind p53 (Fig. 3C) , an unexpected result given our above-described observation that p53 antibodies could immunoprecipitate both long and short endogenous isoforms. The inconsistency between the interaction specificities of the endogenous and overexpressed proteins could be explained in two ways. The endogenous short PATZ1 isoform could consist of the hPATZ1-003 and/or PATZ1Alt variant. One possibility is that only hPATZ1-003 but not PATZ1Alt interacts with p53. Alternatively, the endogenous hPATZ1-003 and PATZ1Alt variants could be indirectly interacting with p53 in multiprotein complexes. To address these possibilities, we tested whether PATZ1Alt het- erodimerizes with PATZ1 and indirectly coimmunoprecipitates with p53. We overexpressed Myc-PATZ1 and HA-PATZ1Alt along with FLAG-p53 in HCT116 p53 Ϫ/Ϫ cells. We found that PATZ1 and PATZ1Alt could indeed heterodimerize (Fig. 3D,  top) . Moreover, PATZ1Alt associated with p53 only in the presence of PATZ1 (Fig. 3D, second panel) .
The N-terminal BTB domain is required for PATZ1-PATZ1Alt heterodimerization. Previous studies demonstrated that BTB domains mediate homo-or heterodimerization (37) . In fact, PATZ1 could form homodimers by using its N-terminal BTB domain (19) . To identify the domain that is required for the PATZ1-PATZ1Alt heterodimer, we generated various expression constructs encoding PATZ1 truncation mutants. These truncations contained (i) PATZ1 lacking its ZF domain (Myc-⌬ZF), (ii) PATZ1 with only the BTB domain (Myc-BTB), or (iii) PATZ1 lacking its BTB domain (Myc-⌬BTB) (Fig. 4A) . We cotransfected HCT116 cells with HA-PATZ1Alt with either full-length Myc-PATZ1 or its truncated variants. All of these expression constructs resulted in the expression of equivalent levels of truncated proteins (Fig. 4B, bottom) . The BTB domain was indeed necessary for the PATZ1-PATZ1Alt interaction, as all truncated PATZ1 variants except the truncation lacking the BTB domain bound PATZ1Alt. In fact, the BTB domain by itself was sufficient to heterodimerize with the PATZ1Alt protein (Fig. 4B, top) . Thus, PATZ1 can not only homodimerize but also heterodimerize with PATZ1Alt. Moreover, these PATZ1-PATZ1Alt heterodimers retain the ability to associate with p53. p53 binds to the C terminus of PATZ1. As p53 binds only PATZ1 and not PATZ1Alt, we assessed the domain requirements of the p53-PATZ1 interaction in more detail. Because the PATZ1 and PATZ1Alt proteins are identical in their N termini and differ only after the sixth ZF motif in their DNA binding domains, we speculated that it was the C-terminal region of PATZ1 that mediated the interaction with p53. Indeed, only the PATZ1 truncations that contained the C-terminal ZF domain could interact with p53 (Fig. 4C, top) . We also conclude that homodimerization of PATZ1 is not required for the p53-PATZ1 interaction, as PATZ1 lacking its BTB dimerization domain continued to bind p53 (Fig.  4C, top) .
To characterize the PATZ1-p53 interaction surface, we analyzed the amino acid sequence of the C-terminal region of PATZ1, which is necessary for p53 binding. The region of PATZ1 between ZF6 and ZF7 is highly conserved and negatively charged (data not shown). We hypothesized that if these negatively charged amino acids were forming an interaction surface necessary to bind p53, large, noncharged amino acid substitutions would disrupt this interaction. To this end, we generated single (D521Y) and double (D521Y/D527Y) site-directed mutant versions of the HA-Patz1 cDNA. HCT116 p53 Ϫ/Ϫ cells transfected with either WT or mutant HA-Patz1 constructs expressed equivalent levels of PATZ1 (Fig. 4D, middle) . We found that residues 521 and 527 of PATZ1 were necessary for the p53 interaction because the single and double mutants, respectively, bound p53 at only reduced (40%) or undetectable levels (Fig. 4D) .
Ethidium bromide is a known DNA intercalator that disrupts protein-DNA interactions (38) . Even though PATZ1 and p53 interact in nuclear lysates, this interaction was not affected by ethidium bromide and therefore did not require the presence of DNA (data not shown). The PATZ1-p53 interaction was also stable in cells undergoing DNA damage (data not shown). Thus, the interaction between PATZ1 and p53 in the nucleus requires a negatively charged region between ZF motifs 6 and 7 in the C-terminal domain, and an alternative splice variant, PATZ1Alt, cannot directly bind p53.
PATZ1 inhibits p53 function. To study the functional significance of the PATZ1-p53 interaction, we performed luciferase reporter assays. We first tested whether PATZ1 could affect the ability of p53 to activate transcription from the well-established pG13 reporter, which contains 13 copies of a consensus p53 binding site driving luciferase gene expression. As expected, p53 specifically activated transcription from this construct when cotransfected into HCT116 p53 Ϫ/Ϫ cells (Fig. 5, top) . PATZ1 or PATZ1Alt expression by itself did not activate transcription from this construct, while PATZ1 and p53 coexpression resulted in a 3-fold decrease in p53 activity. We also observed dramatic decreases in p53-dependent transcription activation in HeLa and HEK293T cells when PATZ1 was overexpressed (data not shown). In these experiments, PATZ1Alt did not decrease p53 activity as effectively as did PATZ1, consistent with its inability to interact with p53. Furthermore, PATZ1Alt did not have a dominant negative effect on PATZ1, as it did not interfere with the function of PATZ1 on p53. We found that PATZ1 could also inhibit the ability of p53 to activate transcription from the CDKN1A (p21) or BBC3 (PUMA) gene promoters (Fig. 5, middle and bottom) .
Next, we assessed the domain requirements of p53 for the interaction with and inhibition by PATZ1. To this end, we used wild type (p53␣) or a naturally occurring alternative splice version (p53␤) missing the C-terminal regulatory domain (39) . As expected, PATZ1 coexpression dramatically inhibited p53␣-dependent transcription. In contrast, PATZ1 could not directly bind or effectively inhibit p53␤ (data not shown). Thus, the interaction between PATZ1 and p53 requires the C-terminal domains of both proteins.
PATZ1 inhibits p53 DNA binding. To understand the mechanism of p53 inhibition by PATZ1, we assessed p53 DNA binding in the presence or absence of PATZ1. We performed electrophoretic mobility shift assays (EMSAs) with biotinylated p53 probes (derived from the pG13 reporter) incubated with bacterial extracts containing p53 and/or PATZ1. Incubation of p53 with DNA probes resulted in a specific shifted band, the intensity of which dramatically decreased when p53 was present together with PATZ1 (Fig. 6A) . Thus, PATZ1 directly inhibits p53 DNA binding. To study the inhibition of p53 DNA binding by PATZ1 in detail, we overexpressed FLAG-p53 and HA-PATZ1 or PATZ1Alt variants in HCT116 p53
Ϫ/Ϫ cells and performed pulldown experiments with biotinylated double-stranded DNA probes that were captured with streptavidin-conjugated magnetic beads. We found that PATZ1, which can directly bind to p53, inhibited p53 DNA binding 5-fold. On the other hand, PATZ1Alt, which does not bind p53, did not inhibit p53 DNA binding. Neither PATZ1 nor PATZ1Alt could bind directly to this p53 binding-site DNA probe Ϫ/Ϫ cells transfected with different combinations of the pG13 p53-dependent luciferase vector and FLAG-p53, PATZ1, and PATZ1Alt expression plasmids. p53 specifically activates the pG13 reporter (columns 1 and 2), while PATZ1 and PATZ1Alt cannot (columns 3 and 4). PATZ1 but not PATZ1Alt can inhibit p53 activity (columns 5 and 6). (Middle and bottom) The same experiment was conducted with the p21 promoter luciferase construct (middle) and the Puma promoter luciferase construct (bottom).
(p53 probe 1; identical to the EMSA probe) (Fig. 6B) . PATZ1 could prevent p53 DNA binding even in the presence of PATZ1Alt. To understand the importance of the PATZ1-p53 interaction in the inhibition of p53 DNA binding, we assessed the ability of PATZ1 site-directed mutants that cannot bind to p53 to inhibit p53 DNA binding. Like PATZ1Alt, single and double point mutants of PATZ1 could not effectively prevent p53 DNA binding (Fig. 6C, left) . Quantification of DNA-bound p53 demonstrated that the ability of PATZ1 to bind p53 was directly proportional to its affinity for p53 (Fig. 6C, right) . We conclude that PATZ1 can directly interact with p53 to prevent it from binding its consensus DNA site.
To generalize the finding that PATZ1 inhibits p53 DNA binding, we repeated this pulldown experiment with a different DNA probe that contained p53 binding sequences from the Gadd45 gene promoter (probe 2). Again, we observed that PATZ1 inhibited p53 DNA binding (Fig. 6D) . Unexpectedly, PATZ1 also bound this DNA probe, competed with p53, and contributed to the inhibition of p53 DNA binding (Fig. 6D, second panel) . Thus, PATZ1 can inhibit p53 DNA binding by two mechanisms: first by forming a complex with p53 and preventing p53 DNA binding and second by competing for some p53 binding sites and displacing DNA-bound p53.
We next tested whether p53 could also inhibit PATZ1 from binding to its specific DNA probe (from the Cd8 gene locus). In fact, in the presence of p53, 50% less PATZ1 bound this probe (Fig. 6E, top) . Surprisingly, PATZ1Alt bound this probe more efficiently than did PATZ1, yet p53, which is incapable of binding PATZ1Alt, could not inhibit PATZ1Alt DNA binding (Fig. 6E,  right) . Thus, PATZ1 and p53 interact to form a complex that is incapable of binding the target sites of the individual proteins.
DISCUSSION
This study identifies the mechanism of interaction between the inhibitory transcription factor PATZ1 and the p53 tumor suppressor protein. RNA-Seq analysis demonstrates that the deficiency of PATZ1 affects various biological processes, one of which is cellular proliferation. We confirmed that PATZ1 is an activator of proliferation with real-time measurements. Moreover, this role of PATZ1 is p53 dependent, as the proliferative capacity of p53-deficient cells is not affected by the overexpression of PATZ1. Significantly, we find that the 69-kDa PATZ1 variant can bind p53 but that the 58-kDa PATZ1Alt variant cannot. This interaction does not require other cellular complexes, as recombinant PATZ1 and p53 continue to interact in vitro. PATZ1 binds p53 by using a negatively charged region buried between the sixth and seventh ZF motifs in the DNA binding domain. In fact, we find that two aspartic acid residues (D521 and D527) are necessary for this interaction. The interaction of PATZ1 with p53 inhibits p53 DNA binding and p53-dependent transcription activation.
Our RNA-Seq experiments comparing the Patz1 deficiencies of DEGs reveal critical roles for this transcription factor in cell adhesion, neuron development, morphogenesis, and cellular proliferation. The association of PATZ1 deficiency with these processes sheds light on recent findings showing that Patz1 Ϫ/Ϫ mice are born with defects in their central nervous system (35) . Moreover, the finding that Patz1 Ϫ/Ϫ mice are small could be explained by the list of DEGs related to proliferation in our RNA-Seq experiments (16, 17) . Consistently, our findings on the alteration of the cellular doubling time in the presence or absence of PATZ1 support the function of this protein in cellular proliferation. Significantly, the identification of 33 known p53 target genes as DEGs in PATZ1 deficiency links these two transcription factors.
In this study, we find that PATZ1 proteins are sensitive to DNA damage. At early time points after DNA damage, p53 is rapidly induced, while PATZ1 levels remain constant, where these two proteins coexist and interact. Thus, the decrease of PATZ1 levels is likely a result of and not causal to p53 induction. At later time points after DNA damage, the protein levels of p53 and PATZ1 are inversely correlated. We observed that in contrast to p53-deficient cells, those with wild-type p53 had delayed PATZ1 degradation, especially after long exposure to genotoxic DOX. The decreases in PATZ1 levels are not regulated by the interaction of PATZ1 with p53, as PATZ1Alt, which does not bind to p53, is degraded with kinetics similar to those of PATZ1. As PATZ1 promotes proliferation, its downregulation after DNA damage may point to its role in p53-dependent cell cycle control. Consistent with this idea, we observed that upon long-term DOX treatment, as PATZ1 protein levels decrease, p53 target gene expression levels increase. Moreover, overexpression of PATZ1 in this setting reduces this effect. The mechanism of DNA damage-dependent PATZ1 loss is likely due to ubiquitination-dependent proteasomal degradation and is currently being investigated.
PATZ1 has an N-terminal BTB domain and a C-terminal DNA binding domain composed of ZF motifs. The BTB/POZ domain mediates homo-and heterodimerization as well as protein-protein interactions resulting in the recruitment of corepressor complexes. PATZ1 uses its BTB domain to heterodimerize with other BTB proteins such as BCL-6 and Bach (19, 40, 41) . Here we also find that the alternatively spliced variants of PATZ1 use their BTB domains to heterodimerize with each other. An open question is the stoichiometry of the p53-PATZ1 complex. While PATZ1 can clearly homo-and heterodimerize, it is not known if PATZ1, like p53, can tetramerize. We demonstrate here that truncated PATZ1 proteins without a BTB domain, which cannot homo-or heterodimerize, can still bind p53 (Fig. 4C) .
The inability of the p53␤ alternative splice variant to bind PATZ1 indicates that PATZ1 associates with the C-terminal regulatory domain of p53. A previous in vitro binding study also confirms that PATZ1 binds to the C-terminal domain of p53 (17) . The region surrounding amino acid K382 of p53 is homologous to that of histone H4K20 (42) . In fact, our preliminary experiments indicate that PATZ1 could also bind to H4K20. This is precisely the region that 53BP1 recognizes in both p53 and histone H4, suggesting that PATZ1 can potentially compete with 53BP1 for p53 binding (43, 44) . 53BP1 uses its Tudor domain to bind p53; however, PATZ1 does not present any homology to Tudor domains.
We find that PATZ1 can bind p53, independent of DOX-induced DNA damage. Induction of DNA damage stabilizes and dramatically increases the amount of nuclear p53; however, the amount of PATZ1 that binds to p53 before and after DNA damage remains constant. Thus, it is possible that limiting PATZ1 levels determine the amount of PATZ1-p53 complexes. If this is the case, we would expect to find an abundant pool of PATZ1-unbound p53 in stressed cells.
Of the two p53 REs that we used in this study, probe 1 contains only one decamer half-site, while probe 2 has two adjacent decamer half-sites (from the pG13 artificial reporter and the Gadd45 gene promoter, respectively). Binding of p53 to both of these probes is inhibited by its association with PATZ1, as shown by EMSA and DNA pulldown experiments. Our site-directed mutagenesis experiments reveal that the amount of probe-bound p53 is inversely correlated with the affinity of PATZ1 for p53. Conversely, p53 inhibits the binding of PATZ1 to probes containing its REs. Surprisingly, we find that PATZ1 can also bind p53 probe 2, effectively excluding p53 from its target site. Thus, PATZ1 can inhibit p53 DNA binding in two ways. First, PATZ1-bound p53 cannot bind its consensus DNA binding sites; second, PATZ1 can compete for DNA probes containing some p53 sites. p53 binds its REs as tetramers (Fig. 7A and B ). Here we demonstrate that PATZ1 homodimers or PATZ1-PATZ1Alt heterodimers form complexes with p53 and remove it from DNA (Fig. 7C) . In return, p53 can also remove PATZ1 from its binding sites. These findings indicate that PATZ1 and p53 form a complex that is incapable of binding DNA. The selective deregulation of p53 target genes in PATZ1-deficient cells observed by RNA-Seq correlates with the inhibitory effect of PATZ1 on p53 DNA binding in pulldown experiments. This study definitively reports that the BTB-ZF transcription factor PATZ1 can interact with and inhibit the DNA binding and transcriptional activity of p53. Ϫ/Ϫ cells transfected with the indicated plasmids were precipitated with streptavidin-conjugated magnetic beads. Pulldown experiments were repeated at least 3 times with independent lysates, and averages of data for the quantitation of the bands observed in Western blots are depicted as bar graphs on the right. Error bars indicate standard errors of the means.
FIG 7
Model for the PATZ1-p53 interaction. p53 and PATZ1 binding sites (boxes labeled p53BS and PATZ1BS, respectively) can be bound by tetrameric p53 (dark gray) after induction of DNA damage or p53 overexpression. PATZ1 proteins (light gray) bind to p53 and inhibit most p53 from binding to DNA. The p53 association can also inhibit the PATZ1 protein from binding the PATZ1 binding site. PATZ1 is a homodimer and can also form heterodimers with the PATZ1Alt variant, which does not directly contact p53. PATZ1 homo-or heterodimerization requires the N-terminal BTB domain.
